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FIGURE 1: Schematic representation of the DUB U-bend specimens.
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FIGURE 2: Spring-back after removing the bolt of U-bend specimens
exposed for 5 years in corroding solutions.
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INFLUENCE OF ENVIRONMENTAL VARIABLES ON THE SUSCEPTIBILITY

OF ALLOY 22 TO ENVIRONMENTALLY ASSISTED CRACKING

David V. Fix, John C. Estill, Kenneth J. King, S. Daniel Day
and Raul B. Rebak

Lawrence Livermore National Laboratory, Livermore, CA, 94550

ABSTRACT

In its current design, the high-level nuclear waste containers include an external layer of Alloy 22
(N06022). This material was selected to provide long-term corrosion resistance since if water enters in
contact with the containers, they may undergo corrosion. The model for the degradation of the containers
includes three modes of corrosion, namely general corrosion, localized corrosion and environmentally
assisted cracking (EAC). The objective of the current research was to quantify the susceptibility of Alloy
22 to EAC in several environmental conditions with varying solution composition, temperature and elec-
trochemical potential. The susceptibility to EAC was evaluated using constant deformation (deflection)
U-bend specimens in both the wrought and welded conditions. Results show that after more than five
years exposure in the vapor and liquid phases of alkaline (pH ~ 10) and acidic (pH ~ 3) multi-ionic envi-
ronments at 60°C and 90°C, Alloy 22 was free from EAC.

Keywords: high-level nuclear waste, nickel-based alloy, N06022, environmentally assisted cracking, U-

bend, welded specimens, slow strain rate test, acoustic emission, simulated acidified water (SAW),
simulated concentrated water (SCW), simulated dilute water (SDW).

INTRODUCTION

The current design concept for the high-level nuclear waste containers in the USA is based on a
metallic multi-barrier system. This design specifies an external layer of Alloy 22 (N06022) and an inter-



nal layer of type 316 stainless steel (S31603)."” The main purpose of the internal barrier is to provide
structural integrity and to contribute to the shielding of radiation. The main role of the external barrier is
to provide protection against corrosion. Alloy 22 was selected for the external barrier due to its excellent
resistance to general corrosion, localized corrosion and environmentally assisted cracking in a broad
range of environments.”® Alloy 22 is a nickel (Ni) based alloy that contains approximately 22% chro-
mium (Cr), 13% molybdenum (Mo), 3% tungsten (W) and 3% iron (Fe). Because of its high Cr content,
Alloy 22 remains passive in most industrial environments and therefore has an exceptionally low general
corrosion rate. The combined presence of Cr, Mo and W imparts Alloy 22 with high resistance to local-
ized corrosion such as pitting corrosion and crevice corrosion. :

Mill annealed Alloy 22 is highly resistant to EAC or stress corrosion cracking (SCC) in acidic
concentrated chloride solutions. 7" Dunn et al. did not find SCC when they tested Alloy 22 in 14 molal
CI" (as MgCl,) at 110°C and 9.1 molal LiCl at 95°C under controlled potential. > They used wedge
opening loaded double cantilever beam (DCB) and compact tension (CT) specimens at stress intensities
in the range 32 to 47 MPa-m"? for times as long a 52 weeks. > Rebak reported that Alloy 22 U-bend
specimens did not suffer SCC when exposed to 45% MgCl, at 154°C for up to 6 weeks. 7 Estill et al. per-
formed SSRT at a 1.6 x 10 s strain rate at the corrosion potential (E,,,,) in 4 M NaCl at 98°C, saturated
CaCl, (>10 M CI') at 120°C and 1% PbCl, at 95°C." None of these specimens showed a loss of ductility
or secondary cracking.”

Even though Alloy 22 is resistant to SCC in concentrated chloride solutions, it may be suscepti-
ble under other severe environmental conditions.'*"® Andresen et al. tested the susceptibility of Alloy 22
to EAC at the corrosion potential (E,,) in basic saturated water (BSW) at 110°C."* This BSW multi-
ionic solution is a version of concentrated solutions that might be obtained after evaporative tests of
Yucca Mountain ground waters.”” Using the reversing DC potential drop technique, Andresen et al. re-
ported a crack grow rate of 5 x 10" m/s in a 20% cold-worked specimen loaded to a stress intensity of
30 MPa.m"?. This EAC testing was carried out in air saturated BSW water of pH ~ 13. The testing con-
ditions used by Andresen et al. were highly aggressive and, in spite of that, the measured crack growth
rate was near the detection limit of the system." Rebak et al. reported that Alloy 22 U-bend specimens
suffered transgranular SCC when they were exposed for 336 h to aqueous solutions of 20% HF at 93°C
and to its corresponding vapor phase.”” The liquid phase was more aggressive than the vapor phase."”
Pulvirenti et al. reported transgranular cracking in one out of four Alloy 22 U-bend specimen exposed
for 15 days at 250°C in concentrated ground water contaminated with 0.5 % lead (Pb) and acidified to
pH 0.5. ' Estill et al. performed slow strain rate tests, cyclic loading tests and U-bend tests in large va-
riety of environments (temperature, applied potential and solution composition).”” They only reported
SCC on MA Alloy 22 through SSRT in saturated concentrated water (SCW) at 73°C and at a potential
of +0.3 to +0.4V [SSC]."*!® When Alloy 22 was strained in SCW solution at +0.1 V [SSC], the sample
did not suffer environmental assisted cracking (EAC or SCC)."® The corrosion potential (E,,,) of Alloy
22 in SCW solution at 60°C and 90°C was in the order of 0 to +0.1 V [SSC].”® That is, it is not expected
that Alloy 22 would undergo SCC in SCW solution at the free corroding potential (E).

The purpose of the present work was to evaluate the EAC characteristics of Alloy 22 in twelve
different environmental conditions using constant deformation U-bend specimens. A few results are also
presented regarding the used of acoustic emission to detect the onset of cracking during slow strain rate
tests.



EXPERIMENTAL TECHNIQUE

There are several different techniques that can be used in the laboratory to study the susceptibil-
ity of alloys to EAC. The techniques can be grouped by the way the mechanical stress is applied to the
testing specimen. In order to better simulate the likely field behavior, the samples that are used for labo-
ratory testing should reproduce closely the field conditions. The only mechanical stresses that may be
present in the containers at the Yucca Mountain Site would be residual stresses due to fabrication or
possible rock fall impact. Therefore, the specimens chosen for laboratory testing were U-bend
specimens, which also contained residual stresses due to permanent deformation.

The U-bend specimens were machined from sheet stock. The specimens were tested in the as-
machined condition, which corresponded to a root mean square (RMS) roughness of 32 p-inch. The
specimens were degreased in acetone before testing. The U-bend specimens were prepared using %-inch
(~19 mm) wide and 1/16-inch (~1.6 mm) thick strips according to ASTM G 30. The resulting specimen
had a constant nominal separation between both legs, or ends, of 0.5 inch (~13 mm) secured by a bolt,
which was electrically insulated from the specimen through ceramic zirconia washers. The total plastic
deformation in the external outer fiber of Alloy 22 was approximately 12%. Single U-bends were pro-
duced using both wrought sheets and welded sheets. In the welded specimens, the weld was across the
apex of the bend (Figure 1). The weld process was gas metal arc welding (GMAW) using filler metal
and the seam had full penetration. Typical mechanical properties of MA sheet material are listed in Ta-
ble 1. Table 2 lists the chemical composition of the sheet material and the filler metal used for the fabri-
cation of the U-bend specimens.

A few tests were carried out using slow strain rate tests (SSRT). The specimens for this type of
test were fabricated from plate stock. Typical mechanical properties of MA plate material are listed in
Table 1. Table 2 shows the chemical composition of the SSRT specimens.

The testing electrolyte solutions for the U-bend were complex solutions containing several ionic
species. The volume of the electrolytes was approximately 1000 liters. Table 3 shows the composition of
the multi-component electrolyte solutions mentioned in this paper. Table 3 also shows the composition
of the water from well J-13 at Yucca Mountain. The solutions used in this study are concentrated ver-
sions of J-13 water. The U-bend immersion tests were carried out at 60°C and 90°C. Approximately half
of the specimens were exposed to the liquid phase of the solution and the other half to the vapor phase.
The reported temperature corresponded to the liquid phase. The exposure time was approximately 5
years (the actual exposure time is given in Table 4). The electrolyte solutions were naturally aerated; that
is, the solutions were not purged and the ingress of air above the solution level was not restricted. All
tests were carried out under ambient pressure. The electrochemical potentials in this paper are reported
in the saturated silver chloride scale [SSC]. At ambient temperature, the SSC scale is 199 mV more posi-
tive than the normal hydrogen electrode (NHE). After testing, the samples were evaluated using standard
metallographic procedures such as optical and scanning electron microscopy.

Wl



EXPERIMENTAL RESULTS AND DISCUSSION
Constant Deformation Tests (U-bend Specimens)

The U-bend specimens were exposed to three different multi-ionic electrolyte solutions at the
free corrosion potential (E,,) for up to 5 years. Two of these electrolyte solutions (SCW and SDW)
were alkaline of pH ~ 10 and one electrolyte (SAW) was acidic of pH ~ 3. Forty-nine (49) specimens
were removed from six of the testing tanks, rinsed in de-ionized water and allowed to dry in the labora-
tory atmosphere. Table 4 lists the specimens by their label, by the vessel they were exposed to and by
the length of time they were tested. The specimens were labeled starting with the letters DUA or DUB
and followed by three sequential digits. The common letters D and U stand for Alloy 22 and U-bend, re-
spectively. The letter A says that the specimen does not contain a weld or is fully wrought sheet and the
letter B says that there is a weld seam across the apex of the specimen (Figure 1). In general, three
specimens were examined for each temperature, solution composition and metallurgical condition.

The 49 specimens were first examined optically in a stereomicroscope using up to 100 times
magnification. Six of these specimens were later disassembled (bolt removed), were examined in the
scanning electron microscope and subsequently mounted for metallographic sectioning. Stereomicro-
scope studies showed that most of the specimens were completely featureless, that is, they appeared
shiny metallic similar to the non-tested condition. Table 5 summarizes the observations for the different
tested conditions. Most of the specimens had deposits of crystals (probably salts) from the electrolyte.
The specimens that were exposed to the vapor phase had lower amount of deposits than the specimens
exposed to the liquid phase. However, surface features suggest that the specimens exposed to the vapor
phase had abundant condensation on them. The specimens that were tested at the higher temperature
(90°C) in the liquid phase in general showed higher degree of discoloration than the specimens tested at
60°C. This may suggest that there was a larger interaction between the specimens and the environment
at the higher temperature; however, most of the colors and deposits observed (Table 5) suggest that these
were result of deposits from the environment rather than due to a reaction of the metal with the environ-
ment. Besides Alloy 22, the tanks listed in Tables 4 and 5 contained a large number of specimens made
of other nickel alloys such as C-4, 825 and 625 and other materials such as titanium (grades 12, 7 and
16). The origin of the colors (e.g. golden/green/blue) is not yet known. The golden color was probably
caused by the deposit of little crystals of this color on the surface. Some of these small crystals may be
rich in iron. Studies of the scales and oxide films on the Alloy 22 specimens are currently in progress.
An important observation form Table 5 is that none of the 49 examined specimens showed any indica-
tion of obvious corrosion and or cracking (EAC).

Of the 49 specimens listed in Table 4, six were selected for destructive analysis. The selected
specimens were (1) wrought and welded exposed for 1916 days to SAW liquid at 90°C (DUA054 and
DUBO054), (2) wrought and welded exposed for 1869 days to SCW liquid at 90°C (DUA114 and
DUBI114) and wrought and welded exposed for 1813 days to SDW liquid at 90°C (DUA140 and
DUB140). While assembled, the separation distance between both ends of the U-bend specimen (d in
Figure 1) is kept constant by means of a bolt. This distance was measured for the six specimens men-
tioned above before and after removing the bolt. The measuring was done three times along the %:-inch
width of the sample. This test was performed to determine if the specimens had residual stresses in them,
that is, to determine if the ends would spring back when unloaded. Thus, if the difference between the
ends of the disassembled specimen was larger than the distance of the assembled specimen, there were
residual stresses in the U-bend. The nominal separation in an assembled specimen should be 0.5 inch.



The average value of separation for all six specimens before disassembling was 0.5068 + 0.008-inch.
The average value of separation for all six specimens after disassembling was 0.6447 + 0.011-inch. For
each one of the six specimens, this difference was positive showing that all the specimens had residual
stresses in them (Figure 2). Figure 2 also shows that this difference was higher for the wrought than for
the welded specimens. This was not a result of the difference in environmental response between the
wrought and the welded specimens but a result of the bending characteristics of these two types of sam-
ples during the original fabrication of the samples. Figure 2 shows that the spring back was approxi-
mately the same for the three solutions, the acidic SAW and the alkaline SCW and SDW. Results from
Figure 2 suggest that Alloy 22 was resistant to environmentally induced cracking (EAC) or embrittle-
ment even after five years immersion in the corroding solutions at 90°C.

The six specimens listed above were also studied in the scanning electron microscope. Some of
the specimens showed micro cracking perpendicular to the mechanical residual stresses. These cracks in
general were shallow (approximately 2 um deep) and less than 0.1 mm in length. Micro cracks with dif-
ferent degree of depth and length were observed in most of the tested samples. Figure 3 shows a micro
crack on the surface of specimen DUB140, which was exposed to SDW at 90°C. It is not clear that mi-
cro cracks such as the one in Figure 3 formed while in presence of the electrolyte solution. This crack
could have been formed during the fabrication of the specimen. Figure 4 shows similar shallow micro
cracks on the surface of specimen DUA156, which has never been tested (blank sample).

The same six specimens listed above were metallographically sectioned to determine if any shal-
low crack formed on the surface progressed deep into the bulk metal. Optical microscopy examinations
of polished cross sections were carried out at up to 1000 times magnification. None of the six specimens
showed any measurable crack length, which may have emanated from the surface. Figure 5 shows im-
ages of a cross section of a welded specimen exposed to liquid SDW at 90°C (DUB140). The minimum
resolution of the microscope was in the order of 2 micrometer in length (Figure 5). That is, any crack
shorter than 2 micrometers would not be discernible. Therefore, dividing this minimum measurable
crack length by the nominal exposure time of 5 years, indicates that the described method of immersed
U-bend specimens could have detected average crack growth rates of 1.3 x 10" m/s and larger (consid-
ering nil induction time). If a crack forms and grows at this given rate, it would take almost 50,000 years
to propagate to a length of 20 mm.

Results from this testing show that wrought and welded Alloy 22 were highly resistant to EAC in
multi-ionic solutions that could be representative of concentrated Yucca Mountain ground water. The
tested specimens were free from cracking even after 5 years of immersion at the free corroding potential
in such environments at 60°C and 90°C. The most typical values of E_, for Alloy 22 in SCW and in
SDW at 60°C and 90°C are in the vicinity of 0 V to +0.1 V [SSC] *. For SAW, E_,; could be higher, in
the order of 0.35 V [SSC].*°

Acoustic Emission During Slow Strain Rate Tests (SSRT)

Slow strain rate tests (SSRT) are highly aggressive since in this test the sample is deformed
slowly and continuously until rupture. This type of test does not represent the conditions of the con-
tainer, since the container may only have residual stresses. However, the SSRT is a useful fast technique
to study environmental effects on the susceptibility of alloys to EAC. Specimens for SSRT were pre-
pared from wrought mill annealed Alloy 22 plate (Table 2). Each specimen was cylindrical, approxi-
mately 7.25-inch (184 mm) long and 0.438-inch (11 mm) diameter. The useful gage of the specimens



was 1-inch (25.4 mm) long and had a 0.1-inch (2.54 mm) diameter. Only the useful gage section was
exposed to the electrolyte solution. Other areas of the specimens were covered with a protective coating.
The slow strain rate tests were conducted at a constant deformation rate of 1.6 x 10 s™. It has been
shown before that Alloy 22 exhibited EAC cracking after the samples were strained to rupture through
SSRT in SCW at temperatures in the order of 80°C and at applied potentials of +0.3 to +0.4 V [SSC]."*
It was of interest to determine which level of stress was required for these EAC cracks to nucleate on the
metal surface. Therefore, a couple of SSRT were conducted at two different applied potentials to detect
noise generated by crack nucleation through acoustic emission. The tested conditions were as follows:
(1) Sample ARC22-33 strained in SCW at 8§6°C at +0.4 V [SSC] and (2) Sample ARC22-29 strained in
SCW at 88.5°C at +0.2 V [SSC]. The acoustic emission system was attached to the pull rod that was
coupled to the strained sample. This system consisted on a sensor containing a piezoelectric transducer,
which was able to detect elastic waves emitted by the strained specimen. Figure 6 shows a stress-strain
curve for sample ARC22-33, which was deformed in SCW at 90°C and at an applied potential of +0.4 V
[SSC]. Figure 6 also shows the number of times (hits or counts) that a waveform exceeded a certain pre-
set threshold amplitude. Most of the hits happened for this specimen at an applied load higher than 700
Ib. Since the original diameter of the sample gage was 0.1 inch, an applied load of 700 1b corresponded
to an applied stress of 605 MPa. Therefore, data from Figure 6 suggests that cracking in Alloy 22 in the
conditions given before started to nucleate at the high stress of 605 MPa and above under dynamic load-
ing. According to data from Table 1, this corresponded to stress levels in the order of 80% of the ulti-
mate tensile strength (UTS). Acoustic emission data for sample ARC22-33 showed that 2894 hits were
recorded, while data for the ARC22-29 sample showed that only 262 hits were recorded. That is, the
sample strained at +0.4 V [SSC] had a higher activity of acoustic emission than the sample strained at
+0.2 V [SSC]. Previously published information shows that at an applied potential of +0.4 V a consider-
able amount of cracking was observed; however at +0.2 V only shallow fissuring was discernible on the
specimen surface.'® Identical results were observed for ARC22-29 and ASC22-33 specimens via scan-
ning electron microscopy. That is, shallow barely noticeable cracking at +0.2 V [SSC] and more typical
EAC at +0.4 V [SSC]. Therefore, it can be assumed that a correlation existed between the acoustic noise
shown in Figure 6 and the amount of cracking observed after the testing. Once more, the acoustic emis-
sion analysis was useful to determine that cracking only initiated in the last stages of straining, when the
applied stress reached levels near the UTS.

Final Observations

Environmentally assisted cracks did not form on rather smooth Alloy 22 wrought and welded
specimens containing residual stresses and exposed at the free corroding potential to multi-ionic solu-
tions at 60° and 90°C. Previous studies showed that it was possible to induce EAC on Alloy 22 using
SSRT on anodically polarized specimens exposed to SCW solution.'® Therefore, since it appears that Al-
loy 22 is not immune to EAC, it is planned to eliminate the residual stresses from the container surface
before emplacement at the Yucca Mountain site. Thus, after fabrication, the container will be fully solu-
tion annealed. Once the waste is introduced into the container and the final closure welds are applied, the
remaining residual stresses will the mitigated in situ, probably using laser peening. For example, this la-
ser process may induce compressive stresses on the surface of the container to a depth of 3 mm.



CONCLUSIONS

(D Mill annealed (MA) and welded Alloy 22 is highly resistant to environmentally assisted cracking
(EAC) in multi-ionic solutions that could be representative of ground water at Yucca Mountain.

2) U-bend samples exposed at E_ . for up to 5 years in SAW, SCW and SDW solutions at 60°C and
90°C were free from EAC.

3) Alloy 22 was resistant to EAC at pH ~ 3 with E_, of approximately +0.35 V [SSC] (SAW) and
pH ~ 10 with E__ of approximately +0.05 V [SSC] (SCW and SDW).

@) Acoustic emission tests coupled to slow strain rate tests showed that EAC only nucleated in
anodically polarized Alloy 22 at stress levels near the ultimate tensile stress.

ACKNOWLEDGMENTS

The authors appreciate the technical contributions of Michael T. Whalen with the metallographic work
and Sue I. Martin with the SEM work. This work was performed under the auspices of the U. S. De-
partment of Energy by the University of California Lawrence Livermore National Laboratory under con-
tract N° W-7405-Eng-48. This work is supported by the Yucca Mountain Site Characterization Project,
LLNL.

REFERENCES

1. Yucca Mountain Science and Engineering Report, U. S. Department of Energy, Office of Civil-
ian Radioactive Waste Management, DOE/RW-0539, Las Vegas, NV, May 2001.

2. J.H. Lee, K. G. Mon, D. E. Longsine, B. E. Bullard and A. M. Monib in Scientific Basis for Nu-
clear Waste Management XXV, Vol. 713, pp. 61-70 (Warrendale, PA: Materials Research Soci-
ety 2002).

3. P.E.Manning, J. D. Schébel, Werkstoffe und Korrosion, 37, 137-145 (1986).

4. K. A. Gruss, G. A. Cragnolino, D. S. Dunn, N. Sridhar, Paper 149, Corrosion/98 (Houston TX:
NACE International 1998).

5. R. B. Rebak and P. Crook, in Critical Factors in Localized Corrosion III, Vol. 98-17, pp. 289-302
(Pennington, NJ: The Electrochemical Society 1999).

6. Y-M. Pan, D. S. Dunn and G. A. Cragnolino in Environmentally Assisted Cracking: Predictive
Methods for Risk Assessment and Evaluation of Materials, Equipment and Structures, STP 1401,
pp. 273-288 (West Conshohocken, PA: ASTM 2000).

7. R. B. Rebak in Environmentally Assisted Cracking: Predictive Methods for Risk Assessment and
Evaluation of Materials, Equipment and Structures, STP 1401, pp. 289-300 (West Consho-
hocken, PA: ASTM 2000).



8. R. B. Rebak in Corrosion and Environmental Degradation, Volume II, pp. 69-111 (Weinheim,
Germany: Wiley-VCH 2000).

9. D.S.Dunn, G. A. Cragnolino and N. Sridhar in Scientific Basis for Nuclear Waste Management
XX1II, Vol. 608, pp. 89-94 (Warrendale, PA: Materials Research Society 2000).

10. D. S. Dunn and C. S. Brosia, Paper 125, Corrosion/01 (Houston, TX: NACE International
2001).

11. G. A. Cragnolino, D. S. Dunn and Y.-M. Pan in Scientific Basis for Nuclear Waste Management
XXV, Vol. 713, pp. 53-60 (Warrendale, PA: Materials Research Society 2002).

12. D. S. Dunn, Y.-M. Pan and G. A. Cragnolino, Paper 425, Corrosion/02 (Houston, TX: NACE
International 2002).

13. J. C. Estill, K. J. King, D. V. Fix, D. G. Spurlock, G. A. Hust, S. R. Gordon, R. D. McCright, G.
M. Gordon and R. B. Rebak, Paper 535, Corrosion/02 (Houston, TX: NACE International 2002).

14. P. L. Andresen, P. W. Emigh, L. M. Young and G. M. Gordon, Paper 130, Corrosion/01 (Hous-
ton, TX: NACE International 2001).

15. R. B. Rebak, J. R. Dillman, P. Crook and C. V. V. Shawber, Materials and Corrosion, 52, pp.
289-297 (2001).

16. A. L. Pulvirenti, K. M. Needham, M. A. Adel-Hadadi, C. R. Marks, J. A. Gorman and A. Bar-
katt in Scientific Basis for Nuclear Waste Management XXV, Vol. 713, pp. 89-95 (Warrendale,
PA: Materials Research Society 2002).

17. A. L. Pulvirenti, K. M. Needham, M. A. Adel-Hadadi, A. Barkatt, C. R. Marks and J. A. Gor-
man, Paper 551, Corrosion/02 (Houston, TX: NACE International 2002).

18. K. J. King, J. C. Estill and R. B. Rebak, 2002 PVP-Vol. 449, pp. 103-109 (New York, NY:
American Society of Mechanical Engineers 2002).

19. N. D. Rosenberg, G. E. Gdowski and K. G. Knauss, Applied Geochemistry, 16 (2001), pp.
1231-1240.

20. J. C. Estill, G. A. Hust and R. B. Rebak, Paper 688, Corrosion/03 (Houston, TX: NACE Interna-
tional 2003).

TABLE 1
TYPICAL MECHANICAL PROPERTIES OF PLATE AND SHEET ALLOY 22

Heat Tensile Yield Stress Elongationto  Hardness ASTM
Strength [UTS]  [0.2%] (MPa) Rupture (%) (RB) Grain
(MPa) Size
Sheet — 2277- 824 412 62 92 55
8-3203 ‘
Plate —2277-8- 766 387 64.4 83 4
3126




TABLE 2
CHEMICAL COMPOSITION OF THE STUDIED ALLOY 22 HEATS (Wt%)

Element Single U-bend Weld Filler Metal SSRT
(Heat 2277-0-3264)  (Heat 2277-4-3263)  (Heat 2277-6-3126)
C 0.004 0.002 0.004
Co 1.14 0.89 1.03
Cr 21.3 21.6 21.70
Fe 44 3.6 3.59
Mn 0.29 0.32 0.27
Mo 13.4 13.5 13.26
Ni ~56 ~56 ~56
P 0.01 0.009 0.006
S <0.002 0.003 0.001
v 0.17 0.15 0.14
W 29 2.9 2.80
TABLE 3

CHEMICAL COMPOSITION OF THE ELECTROLYTE SOLUTIONS (mg/L)

Ion SDW SCW SAW J-13 Well Water
pH 10.1 pH 10.3 pH 2.8 pH 7.4
K" 34 3400 3400 5.04
Na’ 409 40,900 40,900 45.8
Mg* 1 <1 1000 2.01
Ca* 0.5 <1 1000 13
F 14 1400 0 2.18
Cr 67 6700 24.250 7.14
NOy 64 6400 23,000 8.78
SO* 167 16,700 38,600 18.4
HCO; 947 70,000 0 128.9
Si0,* ~40 ~ 40 ~40 61.1




TABLE 4

CONSTANT DEFORMATION (U-BEND) TESTS OF ALLOY 22.
LIST OF EXAMINED SPECIMENS

SAW, SAW, SCW, SCW, SDW, SDW,
60°C 90°C 60°C 90°C 60°C 90°C
Vessel 25 26 27 28 29 30
Wrought - DUAO019, DUAO049, | DUAO079, DUAI09, DUA127 DUA139
Vapor Phase | DUAO020, DUAO50, DUAO080, DUAT110,
DUAO021 DUAO51 DUAO081 DUA111
Wrought - DUAQ022, DUAO052, DUAO082, DUAI112, DUAI128 DUA140
Liquid Phase | DUAO023, DUAO054 DUAO0S3, DUA114
DUA024 DUA084
Welded - DUBO019, DUBO049, DUBO079, DUB109, DUB127 DUB139
Vapor Phase | DUBO020, DUBO050, DUBO080, DUBI110,
DUBO021 DUBO51 DUBO0S81 DUBI111
Welded - DUB022, DUBO053, DUB082, DUB113, DUB128 DUB140
Liquid Phase | DUB023, DUBO054 DUBO083, DUB114
DUB024 DUB084
Date in 06Febl1997 | 21Feb1997 | 10Mar1997 | 10Apr1997 | 14Apr1997 | 05Jun1997
Date out 20May2002 | 21May2002 | 17May2002 | 22May2002 | 10May2002 | 22May2002
Exp. Time, 1930 1916 1895 1869 1853 1813
days (h) (46,320 h) (45,984 h) (45,480 h) (44,856 h) (44,472 h) 43,512 h)
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TABLE 5

STEREOMICROSCOPE OBSERVATIONS OF THE TESTED U-BEND SPECIMENS

Conditions Vapor Phase Liquid Phase
Vessel 25 Shiny metallic. Few isolated brown de- Shiny gray-green-blue. Brown deposits
SAW, 60°C posits. No corrosion or cracking mostly in concave area. No corrosion or
cracking
Vessel 26 Shiny metallic or light gray. Brown de- | Dark golden with green patches. Abun-
SAW, 90°C posits in concave area. No corrosion or dant brown deposits in concave area. No
cracking corrosion or cracking
Vessel 27 Shiny and dull light gray with bluish and | Shiny light golden. Some white deposits
SCW, 60°C | golden patches. Some white deposits. No | in concave area. No corrosion or cracking
corrosion or cracking
Vessel 28 Shiny dark gray and golden. Little white | Sample covered by white salt-like depos-
SCW, 90°C and green deposits in concave area. No its. Underneath deposits shiny light
corrosion or cracking golden. No corrosion or cracking
Vessel 29 Shiny light gray. Very little deposits. No | Shiny light gray. Little white deposits. No
SDW, 60°C corrosion or cracking corrosion or cracking
Vessel 30 Shiny light golden. No deposits. No cor- | Shiny blue and golden. White deposits in
SDW, 90°C rosion or cracking concave area. No corrosion or cracking
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exposed to SDW liquid at 90°C for 5 years.

Shallow cracks are observed. Magnification X 1000.

FIGURE 3: SEM Image of sample DUB140
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SEM Image of sample DUA156

Shallow cracks are observed. Mag

FIGURE 4
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Magnification X 50

Magnification X1000

FIGURE 5: Optical microgfaphs of a cross section of sample DUB140.
Sample is free of EAC. Surface notches are ~ 2 um deep.
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Time for Counts (s)

0x10° 2x10* 4x10* 6x10*

8x10* 1x10°
800 50

700 —
=) 2
= SSRT of Alloy 22 \ =
T 600 — ARC22-33 e [ 103
g SCW, 86°C, +400 mV [SSC] \ Q
)—J \ — 20 O

032 0.36 0.4 0.44
Displacement (in)

0.48 0.52

FIGURE 6: Final portion of the stress-strain curve for specimen ARC22-33 deformed in

SCW at 90°C and at an applied potential of +0.4 V [SSC].
Acoustic emission data suggests that most of the cracking formed at a load level above 700 Ib.
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